ABSTRACT. We separated IgG and IgM from 10 adult sera containing measurable (20.05 pg/mL) antibody of both isotypes to the type I11 polysaccharide of group B streptococci. Ig preparations were used to preopsonize
The Ig class or isotype of protective antibody against microorganisms which are highly virulent for newborns is relevant to the pathogenesis of neonatal infections. Maternal antibodies of the IgG subclasses are generally well transported across the placenta to term infants, but IgM antibody is not. We previously reported ELISA studies of adult, maternal, and cord serum that suggested that much of the antibody in adults to type I11 GBS is IgM (1). In this study, IgM and IgG were separated from some of the above sera and evaluated for their capacity to support the phagocytosis of type I11 GBS by human monocyte-derived macrophages.
MATERIALS AND METHODS
Serum. Sera from healthy adult volunteers and from the cord blood of normal infants were stored at -70°C. Concentrations of IgG, IgM, and IgA in serum and serum fractions were measured by radial immunodiffusion with low-level plates (Kent Laboratories, Inc., Redmond, CA). IgG subclasses were measured by radial immunodiffusion or RIA in the laboratory of Dr. Douglas C. Heiner (2) . Hemolytic complement activity was measured by radial diffusion and expressed as CH 100 (Kallested, Austin, TX).
Antibody assay. IgG and IgM specific antibody to type I11 polysaccharide of GBS was measured by ELISA as previously described (1, 3). Briefly, type I11 polysaccharide was prepared from culture supernatants of strain H738 in chemically defined medium. Chromatographically purified polysaccharide was reacted with cyanogen bromide and tyramine to introduce tyrosine groups for better adherence to plastic surfaces; 0.1 pg of polysaccharide was added to each well of microtiter plates. After overnight incubation of test sera in multiple dilutions at 4°C and washing, the wells were treated with goat antihuman IgG or goat antihuman IgM, previously conjugated with alkaline phosphatase. Para-nitrophenyl phosphate substrate was added and the absorbance at 405 mm was measured in an automatic reader. Absorbance values for test serum falling on the linear portion of a standard curve constructed with dilutions of a reference serum were used to calculate antibody concentrations.
Separation of IgG and IgM. This was done by a modification of the method of Johnson and Libby (4). Serum was heated at 56°C for 30 min to inactivate complement, diluted 1:20 in 0.05 M EDTA buffer, pH 7.0, and applied to 1-mL columns of QAESephadex A-50 (Pharmacia Fine Pharmaceuticals, Piscataway, NJ). IgG (IgG 1,2 and 3) was eluted with EDTA buffer, concentrated bv ultrafiltration in Minicon B 15 concentrators (Amicon ~ivision, W. R. Grace and Co., Danvers, MA) to approximate the original serum concentration of IgG and dialyzed against 0.01 M PBS, pH 7.4. IgM and other proteins were eluted from the columns with 0.3 M. NaCl in EDTA buffer and dialyzed overnight at 4°C against distilled water to precipitate IgM (5); the precipitate was washed twice with distilled water and dissolved in a volume of PBS calculated to achieve the original serum concentration of IgM. Ig concentrations in these preparations was measured by radial immunodiffusion. To remove contaminating IgG4, some IgM preparations were diluted 1:20 in the manufacturer's binding buffer and applied to ImmunoPure columns of protein A-agarose (Pierce Chemical Co., Rockford, IL); the effluent IgM was dialyzed against PBS.
Streptococci. Strain H738, isolated from an infant with meningitis, contained type I11 polysaccharide and was negative for X, R, and c proteins. It was labeled during exponential growth in medium RPMI 1640 (GIBCO, Grand Island, NY) with 2, 8-3H-adenine (6) from ICN Biomedicals, Inc., Costa Mesa, CA. Labeled GBS were washed in sterile saline, suspended in RPMI 1640 and stored in aliquots at -70°C for up to 2 mo, during which time viability did not decrease significantly and >95% of cpm could be pelleted with the bacteria. Before each phagocytosis assay, thawed GBS were opsonized for 15 minutes at 37°C in 1: 10 serum (adult or cord) or the equivalent concentration of separated IgG or IgM in RPMI 1640.
Phagocytosis by human macrophages. This was modified from a previously described assay with rabbit alveolar macrophages (7). pL (3 x lo6 MC) were added to each of several 13-mm, round, plastic coverslips (Miles Laboratories, Inc., Naperville, IL) in the wells of Mark I1 tissue culture trays (Costar Corp., Van Nuys, CA) and incubated at 37°C and 5% C02 for 90 min. The cells from one to two coverslips were removed with 0.02% EDTA/ 0.05% trypsin for counting in the presence of trypan blue. After washing, the MC monolayers were overlaid with 1 X lo7 to 2.5 x lo7 preopsonized, 'H labeled GBS in 500 pL of RPMI 1640 (bacterium: MC ratio of approximately 100:l). The phagocytic trays were agitated at 25 rpm on an orbital shaker in 5% C 0 2 at 37°C. At intervals, coverslips were removed, rinsed four times in saline, air-dried, and placed in vials containing 5 mL of Scinti Verse I1 (Fischer) for counting in a Nuclear Chicago Mark I1 liquid scintillation counter (CD Searle and Co., Des Plaines, IL). All experimental specimens were run in duplicate or triplicate and the results averaged. Controls included GBS preopsonized in RPMI 1640 only and GBS preopsonized in serum or serum fractions but added to coverslips without MC. The opsonic activity of a single serum and the derived IgG and IgM fractions were compared in the same experiment.
Electron microscopy. Conditions of opsonization and phagocytosis were exactly as described above, but unlabeled GBS were used. After 1 h of agitation, the MC on coverslips were washed and fixed in a 1:l mixture of 2.5% glutaraldehyde and 0.1 M cacodylate buffer for 30 min and stained with 1 % uranyl acetate and osmium tetraoxide. The preparations were next dehydrated in graded concentrations of ethanol and embedded in SPURR (Polysciences, Inc., Warrington, PA). The sections were separated from coverslips, stained with uranyl acetate and lead citrate, and examined with a JEOL 100CX electron microscope (Japan Electric Co., Tokyo, Japan). Table  1 lists the concentrations of IgG and IgM antibody by ELISA determination to type I11 polysaccharide in the 10 adult sera studied. All contained measurable antibody of both isotypes and the geometric means were 0.86 pg/mL of IgG specific antibody and 2.67 pg/mL of IgM antibody. These sera were from a collection previously reported (1) which contained a mean of 0.53 pg/mL of IgG and 1.54 pg/mL of IgM type I11 antibody. Table 1 also describes the degree of contamination of IgG and IgM preparations by other Ig, expressed as a percentage of the original serum concentrations. IgG preparations were free of detectable IgM with one exception, but most IgM preparations contained small amounts of IgG (<4% of serum concentrations). Three of these preparations (nos. 10, 24, 25) were assayed for IgG subclasses and were found to contain only IgG4. This was expected because IgG4 copurifies with IgM on QAE-Sephadex A-50 (4).
RESULTS

Serum antibody levels and separation of IgG and IgM.
Assay for phagocytosis by macrophages. Figure 1 illustrates the accumulation of radioactivity by MC monolayers during incubation with 'H-labeled, preopsonized type I11 GBS. Opsonization with an adult antibody-positive serum was followed by a progressive, time-dependent uptake of cpm. When GBs were preincubated with buffer, minimal uptake occurred which was fully 10-fold less than with serum. When opsonized GBS were added to coverslips with no MC, consistently <I00 cpm accumulated, suggesting that labeled bacteria did not adhere significantly to the plastic surfaces under experimental conditions. In all subsequent experiments, the period of phagocytosis was 60 min. Figure 2A is a representative electron micrograph of a MC preparation incubated with GBS preopsonized with the same adult serum as in Figure 1 ; like the cell shown here, most MC Figure 2B , intracellular bacteria were rarely seen in MC exposed to GBS that had been incubated in buffer only.
Opsonic requirements. Table 2 summarizes a phagocytosis experiment after opsonization with whole adult serum containing 0.9 pg/mL of IgG and 1.2 pg/mL of IgM antibody with type I11 specificity. The uptake of 3H-GBS opsonized with this serum was 7.5 times that with buffer; this was reduced >85% when the serum was heated, but was fully restored by supplementing the heated serum with a cord serum containing complement but no detectable type I11 antibody. The enhancing effect of cord serum was abolished when it was heated (data not shown) and the opsonic activity of cord serum alone was similar to that of buffer ( Table 2 , last line). These results indicate that maximal phagocytic uptake of type I11 GBS in this system required opsonization with both antibody (heat-stable component of the adult serum) and complement (heat-labile factor in this cord serum). Table 2 also illustrates the opsonic activity of partially purified IgG and IgM from the same adult serum. Neither Ig preparation was significantly opsonic alone. When supplemented with cord serum as a complement source, both fractions promoted phagocytosis equivalent to or exceeding that achieved by opsonization with the whole serum.
Opsonic activity of individual sera and preparations of lgG and IgM. When different adult sera were tested for opsonic activity against type I11 GBS, all 10 whole sera promoted more than a 5-fold increase in uptake over that seen with buffer alone. The ratio of serum buffer activity ranged from 6 to 23 with a mean ratio of 12.2.
To compare the contributions of IgG and IgM to the opsonic effect of serum, we subtracted cpm uptake with buffer treatment (nonopsonic phagocytosis) from total cpm associated with other opsonic mixtures; the results for each Ig preparation were then expressed as a percent of whole serum activity and are shown in Figure 3 . The IgG and IgM preparations alone expressed little opsonic activity; many showed no increase over buffer and all had <20% of the activity of whole serum. When supplemented with the complement in human cord serum, however, all Ig preparations demonstrated some opsonic effect. For the IgG preparations, this varied from 33 to 180% (mean 102%) of whole serum activity. The opsonic activity of partially purified IgM varied between 33 and 169% (mean 96%) of that of the parent serum. No correlation was observed between the specific IgG or IgM serum antibody concentration and the percent of opsonic activity of whole serum achieved by Ig preparations.
Opsonic activity of cord serum and fractions. As shown above (Fig. 3) , all adult Ig preparations showed opsonic activity against type I11 GBS. Inasmuch as we were concerned with the possible introduction of an artifact by the preparative procedures, we fractionated a cord serum that contained appreciable type I11 IgG antibody (0.94 Fg/mL) but no detectable IgM antibody and an appropriately low level of total IgM (0.14 g/L or 14 mg/dL). As summarized in Table 3 , the whole serum was opsonic and the activity was heat-labile and restored with a complement source. In the presence of complement, the IgG preparation reproduced the effect of whole serum. By contrast, the IgM fraction failed to demonstrate impressive opsonic activity in the presence or absence of complement. This suggests that the sep- 111 antibody. The numbers in parentheses represent the percent uptake Fig. 3 Opsonic activity of IgG and IgM preparations in the presence of total radioactivity added to the cell monolayers.
and absence of complement (cord serum no. 43). Activity is expressed aration procedure used for adult sera did not result in falsely positive opsonic tests for the IgM fraction.
Opsonic activity of IgM fraction after removal of IgG4. The consistent presence of IgG in IgM preparations (usually <3% of the serum IgG concentration) could account for the opsonic activity of these fractions. IgG4 in serum accounts for a similar, small proportion of total IgG. We previously showed that the IgG in most IgM preparations appeared to be IgG4. To exclude the possibility that contaminating IgG4 was responsible for the opsonic activity of IgM preparations, we removed IgG on protein A-agarose columns and studied the activity of eluted IgM. Table  4 shows that there was no appreciable loss of opsonic activity with IgG4 removal, indicating that IgM antibody was inherently opsonic (in the presence of complement) for type I11 GBS.
DISCUSSION
Inasmuch as GBS in the newborn can be highly invasive and the pyogenic response to local infection may be feeble, the phagocytic function of monocytes and macrophages may be more relevant than granulocytic function. In this report, opsonic activity was assessed from the uptake of 3H-labeled GBS by monolayers of human mononuclear phagocytes. MC were first cultured in Teflon containers and then adhered to coverslips; this initial period of maturation in suspension gave better dupli- cation of phagocytosis than direct cultivation of fresh MC on coverslips. There was some nonopsonic phagocytosis of GBS treated with buffer only. Significantly greater (>5-fold) uptake, confirmed by electron microscopy, required both antibody and complement. The latter was provided by cord serum lacking both IgG or IgM type I11 antibody. We previously reported evidence from ELISA studies that, in adult serum, the most prevalent class of naturally occumng antibody to the GBS type I11 polysaccharide appears to be IgM (1). This study was undertaken to develop unequivocal data on the relative opsonic activity of IgG and IgM specific antibody. We were particularly interested in demonstrating the functional activity of IgM, because this isotype is difficult to quantify by ELISA (1).
The adult sera studied contained measurable type I11 antibody of both isotypes and all of them demonstrated heat-stable opsonic activity against type I11 GBS. All preparations of partially purified IgG and IgM were also active but this varied widely. On average, the Ig preparations were equivalent in opsonic activity to the whole parent serum and there was no superiority of IgG or IgM. These results resemble those of Campbell et al. (9) who fractionated sera from infants convalescing from type I11 GBS infection and measured opsonic activity in a bacterial killing assay with human granulocytes.
The Ig class of protective, antibacterial antibody in the adult assumes special significance for neonatal infections. We have suggested that the predominant adult antibody to type I11 GBS is IgM (1). This finding has been supported by Boyer et al. (10) who documented the absence of IgM antibody specific for type I11 GBS in newborns but its appearance by 6 mo in a small group of infants. It is known that most human antibody specific for the K1 capsule of Escherichia coli is IgM (1 I). Using separation procedures similar to those used in this study, Bortolussi et al. (12) recently reported that the opsonic antibody for Listeria monocytogenes type 4b in adult serum is IgM, thus explaining the lack of opsonic activity in most neonatal sera. It is reasonable to suggest that infections due to GBS, K1 E. coli, and possibly L. monocytogenes may be largely confined to newborn infants because they lack the IgM antibody present and presumably protective in most older individuals. The actual development of infection in the infant may be determined by other factorsexposure to pathogenic bacteria, prematurity and other perinatal variables, and the presence or absence of transplacental IgG antibody.
